Interference of laser beams with the high pulse energy opens an opportunity to direct structuring over large areas. We report results of the laser beam interference ablation (LBIA) of thin metal films on the glass substrate irradiated with picosecond and nanosecond lasers. The laser beam was split into four and six beams by using the diffractive optical element. The 4F imaging system was used to produce interference pattern on the surface of the metal film. Regular structures with a period of 5 µm were produced in thin films of various metals which can be used for filtering infrared or terahertz radiation. The structure was extended by translation of the workpiece between laser pulses. Interference of multiple laser beams is capable of forming a variety of interference patterns, while selection of the laser wavelength as well as imaging optics open possibilities to control the period of the structures down to the sub-micrometer range.
Introduction
Properties of the surface highly depend on its relief. The best example is a lotus leaf with the "self-cleaning", hydrophobic feature. Micro-and nano-structuring with specific patterns and at localized places is useful to control wettability, lubrication and other properties of the surface. Artificial structures borrowed from the nature are applied in automotive industry as well as in photonics and biomedical research. A new growing application area is frequency-selective surfaces [1, 2, 3] , which are working as filters or antennas for electro-magnetic waves in THz, infrared or visible range depending on the period and the feature size of the fabricated surface. They can be produced by laser structuring of metal films.
Laser direct writing (LDW) is a flexible method but the performance on practically large areas is too low when fine structures should be produced [4] . Laser-induced periodical surface structures, ripples, [5] are useful to control surface absorptivity [6] , however, it is difficult to create a desirable shape.
Laser patterning using interference of several beams is capable of producing the sub-wavelength features not limited by a beam spot size and is an effective method of forming two-dimensional (2D) and three-dimensional (3D) structures [7] . The periodical structure can be controlled by changing an incidence angle of the beams, radiation wavelength the phase difference between the beams, polarization and intensity. 1D and 2D structures were achieved by combining several laser beams [8] . Holographic lithography by combining a few beams of a femtosecond laser and the controllable phase shift between them was used for formation of periodic structures in photo-polymers [9] .
Different techniques are applied to produce the interfering field of laser radiation. In the Lloyd's schema, a part of the expanded beam is reflected from a tilted mirror and interferes with the incident light on a sample surface. The period of the patterns can be adjusted by an angle between the mirror and samples [10] . The schema is simple, but it can be used with the continuous wave or long pulse lasers. Compensation of temporal delay between separate beams is required to get interference with short laser pulses when the laser beam is split using partially reflecting beam-splitters [11, 12, 13] .
For ultra-short laser pulses (< 10 ps) a diffractive optical element (DOE) is preferable instead of mirrors, as DOE inclines the wave front in such a way that it remains perpendicular to the common optical axis and an overlap of the beams is ensured over the whole beam diameter. The optical path for all beams is exactly the same and the period of the structure is independent of the wavelength, as it is defined by the DOE period [14] . DOE has also recently become popular for splitting the laser beam into the desired (more than two) number of beams. Additional optics is applied to combine those beams to produce interference patterns [6] .
The interfering laser beam with a high pulse energy was applied to direct laser ablation in bulk metals [15] and metal films [16, 17, 18] and ZnO films [19] . The optical absorbance of the metallic surface was enhanced by using interferometric laser surface patterning [20] .
In this work, the high-pulse-energy picosecond laser was applied to produce interference patterns in thin metallic films by direct ablation. The laser beam interference ablation (LBIA) was tested as a method of laser patterning over large areas with a controllable shape.
Experimental
Two similar experimental setups with classical 4F imagining systems described in [ 21, 22] for four-and sixbeam LBIA were used in the experiments and are shown in Fig. 1 and Fig. 2 beams by using DOEs. The parameters of the DOEs used in the experiments are given in Table 1 . The image of the DOE was translated to the workpiece surface by two lenses arranged in 4F imaging system. The first lens with focal length of F 1 was placed at this distance from DOE, and all beams propagated in parallel. The second lens was added at a distance equal to the sum of both focal lengths F 1 +F 2 . All beams were overlapped beneath the second lens, creating the interference patterns in the intersection area. The modulation period in the workpiece plane for 4-beam interference can be written as:
where Λ DOE is a period of the DOE, M = F 2 /F 1 is the magnification factor of 4F imaging system. For the modulation period of 6-beam interference another equation should be used:
(2) The diaphragm was set between lenses to block the zero and higher orders of the diffracted beam, as it was found out that even low intensity in the zero-order beam significantly affected the period of interference modulation [23] .
The piezoelectric 3-axis positioning system PIHera (Physical Instruments) was able to move 500 μm in x and y direction and 250 μm in z direction with the minimal programmable step of 10 nm. It was used for precise focusing of the beam and scanning the sample.
Four-beam LBIA experimental setup
Experimental setup for four-beam LBIA is shown in Fig.1 . The picosecond laser Foxtrot (Ekspla Ltd.) with high pulse energy (0.7 mJ) was used in the experiments. The pulse duration at FWHM was 60 ps. The laser generated the 1064 nm radiation at the repetition rate of 4 kHz. The laser was selected because of high pulse energy, and the laser fluence above the ablation threshold was maintained over a large focal spot. Single pulses or sequence of pulses were extracted from the pulse train employing a Pockels cell based pulse picker. The Pockels cell was also used as an attenuator to control the laser power. The spot irradiated by the laser beam with interference modulation was 475 µm in diameter.
Six-beam LBIA experimental setup
Experimental setup for six-beam LBIA is shown in Fig.  2 . The nanosecond laser NL220 (Ekspla Ltd.) with high pulse energy (5.0 mJ) was used in the experiments. The pulse duration at FWHM was 9 ns. The laser generated the 532 nm radiation at the repetition rate of 500 Hz. Glass plates were inserted in the optical path of the beams and could be tilted to adjust the phase difference between the laser beams and to control intensity of each beam. With the tilting accuracy of 0.1 deg and thickness of the glass plate of 1 mm the accuracy of phase shifting was less than 30 nm.
Periodical structures were formed in metal films deposited on a glass substrate. Six different metals were used in experiments: chromium, aluminum, silver, copper, gold, and nickel. Thickness of the metal films and substrates are presented in Table 2 . 
Periodical pattern formation by laser beam interference
Interference of electro-magnetic waves appears when at least two coherent beams propagating at a certain angle to each other interact. In general case the intensity profile in the interference area can be expressed by formula [24] :
where r  is the coordinate vector, i is the index of interfering beams, N is the number of the beams, i E  is the electrical field of i beam, t is time, brackets denotes averaging in time at least for one period of radiation. Electrical field of i wave can be expressed as follows:
where 0i E  is the electrical field amplitude of i wave,
is the wave vector of i wave, λ is the wavelength of radiation, ω is the frequency of radiation, φ i is the phase of i wave. If frequency of all the beams is the same the Eqs. (3) and (4) can be simplified as follows [25] :
( ) 
Periodical intensity field is formed and the period depends on the incident angle between the beams and wavelength. Shape of the pattern is affected by the number of beams and phase difference between them.
Results of patterning in thin metal films by fourbeams LBIA
The periodical intensity distribution of interfering four laser beams calculated by using Eq. (5) is given in Fig. 3 . The period of the four-beam interference pattern depends on the angle between opposite beams and the wavelength [26] :
where θ is the half-angle between opposite beams and λ is a wavelength of laser radiation. Laser structuring at high speed over large areas requires that the structure should be ablated with a single laser pulse.
Pulse energy and the number of laser pulses per spot without any shift of a workpiece were used in experiments with thin films of different metals. The front side ablation was used (laser beams were incident from the side of the metal films). Due to 4-beam interference, the resulting structure ablated in the films was quadratic matrix of circular holes with a period predicted by Eq. (1) equal to Λ 4 = 5 μm. The area where holes were ablated depended on the metal and its thickness. It was as large as 200x200 μm in copper and 450x450 μm in aluminum films. As the pulse energy available from the used laser was limited to 0.7 mJ, the single pulse ablation of the interference pattern through the whole metal film was achieved in chromium, aluminum and silver. The optical microscope images of the structures are presented in Figs. 4-6 . The regular structures were formed over the area including a large number of interference maxima and resulting holes were equal in their shape and size. The reason for brown coloring of silver coating in Fig. 6 was the debris of the ablated material. Normally, cleaning in ultrasonic bath removed the debris however silver could not be cleaned in the ultrasonic bath because of the low adhesion to the glass substrate (in ultrasonic bath low adhesion coatings peel off). Fig. 6 Matrix of circular holes ablated in silver film with a single laser pulse using 4-beam interference (laser pulse energy E p = 0.7 mJ; the structure period Λ 4 = 5 µm).
μm
As gold is a highly reflecting metal, coupling of the laser energy was reduced. Three laser pulses were required to apply per site to ablate the holes at interference maxima through the whole metal film (Fig. 7) . Copper film was 5 times thicker and 100 laser pulses were required for the throughout ablation (Fig. 8) . When the phase difference between beam pairs is π/2 and the ablation threshold is at F th /F 0 = 0.5 level of intensity at interference maximum, the interference pattern is "chess-board" type. Such structure was fabricated by single pulse ablation in Cr film by fine adjusting of optics and laser fluence during the experiment (Fig. 9) . Periodical structures, consisting of regular arrangement of metal dots with a period, 4 2 3.5 μm Λ = were fabricated on Cr tin film (Fig. 10) . They can originate from the fine tuning laser intensity to the ablation threshold as well as from transformation of metal segment when it is in a molten state due to surface tension. The case is interesting due to small islands of the remaining metal and reduction of the grating period Λ 4 by square root of two.
When the phase difference between beam pairs is π/4 and the ablation threshold is at F th /F 0 = 0.1 level of intensity at interference maximum, the interference pattern consists of elliptical elements arranged in a segmented net with small gaps. Such structure was observed in samples produced with single pulse ablation in Cr film (Fig. 11) . When the phase difference between beam pairs is 5π/18 and the ablation threshold is at F th /F 0 = 0.15 level of intensity at interference maximum, the interference pattern consists of crosses arranged periodically. Such structure was observed in samples produced by single pulse ablation in Cr film (Fig. 12) . 
Results of patterning in thin metal films by sixbeams LBIA
The periodical intensity distribution of interfering six laser beams calculated by using Eq. (5) is given in Fig. 13 . The period of the six-beam interference pattern:
where θ is the half-angle between opposite beams.
The hexagonal arrangement of holes with a period predicted by Eq. (2) equal to Λ 6 = 5 μm performed on Cr thin film on glass substrate performed by six-beam LBIA is shown in Fig. 14, Fig. 15 and Fig. 16 . Fig. 14 Hexagonal arrangement of holes ablated in Cr thin film on glass substrate by using the six-beam LBIA (insertmodeling). Number of pulses used was equal to 500, ratio between the peak laser fluence in the intensity profile and the ablation threshold of chromium thin film F th /F 0 = 0.38.
Fig. 15
Hexagonal arrangement of holes each surrounded by hexagonal array of triangles ablated in Cr thin film on glass substrate by using the six-beam LBIA (insertmodeling). Number of pulses used was equal to 500, ratio between the peak laser fluence in the intensity profile and the ablation threshold of chromium thin film F th /F 0 = 0.2.
Fig. 16
Ring type structures in hexagonal arrangement ablated in Cr thin film on glass substrate by using the six-beam LBIA (insert -modeling). Number of pulses used was equal to 400, ratio between the peak laser fluence in the intensity profile and the ablation threshold of chromium thin film F th /F 0 = 0.11.
Fabrication of C-type structures by the six-beam LBIA
By varying intensities of separate beams it is possible to generate periodical features which do not have rotational symmetry. The C-type structures were achieved by using the six-beam LBIA in nickel thin film on silicon substrate (Fig. 17) .
Fig. 17
The C -type structures ablated in the Ni thin film on Si substrate by using the six-beam LBIA (insert -modeling).
Number of pulses was equal to 60. The intensities of the two beams were two times smaller than other four 2I 1,2 = I 3, 4, 5, 6 . Phase shifts between the beams were equal to φ 1,2 = π/2, φ 3,4,5,6 = 0.
The shape of the elements, produced by six-beam LBIA is interesting because the split-ring resonators are structural elements for metamaterials with extraordinary response to electro-magnetic waves.
Conclusions
The interfering laser beam was applied to pattern thin metallic films on the glass substrate and nickel film on the silicon substrate. Periodic structures were fabricated on thin metal films (chromium, aluminum, gold, copper and silver) deposited on the glass substrate using 4-beam laser interference patterning. 2D-gratings with a period of 5 µm and consisting of circular holes were fabricated when no phase difference was introduced between symmetrically arranged beams. "Chess-board" and "segmented-net" like periodical structures were fabricated by fine adjustment of the phase difference and laser intensity.
Hexagonal array of holes and ring type structures were achieved by using 6-beams interference ablation on chromium thin film on the glass substrate by controlling the irradiation intensity ratio to the ablation threshold.
The final shape of the structure ablated in metal films was found to be dependent on the phase difference between beam pairs as well as on the irradiation intensity versus the ablation threshold. The material was removed from a substrate in areas where the local intensity (laser fluence) exceeded the threshold value.
The C-type structures were achieved by using the sixbeam interference ablation with intensity control of each laser beam. Such two dimensional periodic structures can be used as polarization-independent high-pass filters in infrared region.
